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Abstract
We demonstrate that the Hanle effect can be tuned between magnetically induced absorption
(MIA) and magnetically induced transmission (MIT) simply by changing the polarization of the
input laser beam. The experiments are done using closed hyperfine transitions of the D2 line of
133Cs —Fg = 3 → Fe = 2 and Fg = 4 → Fe = 5. The former shows a transformation from
MIT to MIA, while the latter shows the opposite behavior. A qualitative explanation based on
optical pumping and coherences among the magnetic sublevels of the ground state is borne out by
a detailed density-matrix calculation. To increase the coherence time, the experiments are done
in a Cs vapor cell with paraffin coating on the walls. The observed linewidth is extremely narrow
(∼ 0.1 mG) compared to previous work in this area, making this a promising technique for all
kinds of precision measurements.
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I. INTRODUCTION
Long-lived atomic coherences play an important role in precision measurements. For
example, in the phenomenon of nonlinear magneto-optic rotation (NMOR), a laser field is
used to align the atom by inducing coherences among the magnetic sublevels of the ground
state. NMOR has important applications in sensitive magnetometry [1], and the search for
a permanent electric dipole moment (EDM) in an atom [2]. Another example is an atomic
clock, where two laser beams which differ in frequency by the clock transition are used
to put the atom in a dark non-absorbing state. The phenomenon of coherent population
trapping (CPT) [3] is then used to get a narrow resonance at exactly the clock frequency.
Both these kinds of experiments gain from having a vapor cell filled with buffer gas [4], or
anti-relaxation (paraffin) coating on the walls [5, 6]. This reduces the spin relaxation rate
and increases the coherence time, thus resulting in a narrower linewidth.
In this work, we demonstrate the tuning of the Hanle effect from magnetically induced
transparency (MIT) to magnetically induced absorption (MIA), and vice versa, in the ground
state of Cs atoms [7]. The atoms are contained in a room temperature vapor cell with paraffin
coating on the walls. The change is achieved by changing the polarization of the light from
linear to circular. Our work is different from previous work in this field because of the
following reasons.
1. MIT and MIA have been studied before, but only separately [8–11]
2. Only the transformation from MIA to MIT (using transitions in the D1 line of Rb)
has been studied before [12, 13].
3. The effect of a single kind of polarization in the D1 line of Cs has been studied, both
linear [14] and circular [15].
In the present work, we demonstrate for the first time both kinds of transformation—MIT to
MIA and MIA to MIT—in the same species of atoms. The experiments are done using closed
hyperfine transitions in the D2 line of
133Cs. Using closed transitions has the advantage of
making the theoretical analysis easier, because atoms can not go out of the levels being
considered.
The transitions used are Fg = 3 → Fe = 2 and Fg = 4 → Fe = 5. The former shows
a transformation from MIT to MIA as the polarization is changed from linear to circular,
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FIG. 1. Schematic of the experiment. Figure key: PM fiber – polarization-maintaining fiber; λ/2 –
half-wave retardation plate; GT prism – Glan-Taylor prism; λ/4 – quarter-wave retardation plate;
PD – photodiode.
while the latter shows the opposite behavior. The explanation for this is that population
redistribution due to optical pumping is different in the two cases, because the number of
sublevels is smaller in the excited state compared to the one in the ground state for the
first case while it is greater in the second case. Optical-pumping effects are best understood
in closed transitions like the ones used here. This qualitative explanation is borne out by
a detailed density-matrix calculation, which produces spectra that are in good agreement
with the experimental results. As expected, paraffin coating increases the lifetime of spin
coherences, which results in extremely narrow linewidth for the spectra—only about 0.1 mG
in all cases. Furthermore, in contrast to previous work, a small transverse magnetic field (of
order 0.1 mG) is needed for the circular polarization effect to work.
II. EXPERIMENTAL DETAILS
The experimental set up is shown schematically in Fig. 1. The laser beam is derived from
a commercial diode laser system (Toptica DL Pro) operating near the 852 nm D2 line of
133Cs. The laser output comes out of a single-mode polarization-maintaining fiber. The fiber
goes into a 95/5 power splitter, with 5% of the power fed to a Toptica compact Doppler-free
spectroscopy (CoSy) unit. This provides a saturated-absorption signal so that the laser can
be locked to any hyperfine transition. The remaining 95% of the power is coupled to free
space using a fiber coupler. The output goes into a Glan-Taylor prism, which serves the
dual purpose of controlling the power (using a half-wave retardation plate), and making the
3
polarization almost perfectly linear (because the extinction for the orthogonal polarization
is better than 105). A quarter-wave plate after the prism is used to control the ellipticity of
the beam.
The laser beam after the free-space coupler has a Gaussian intensity distribution with
1/e2 diameter of 3 mm and power adjusted to 100 µW. This gives a maximum intensity at
the center of the beam as 2.83 mW/cm2, which corresponds to a Rabi frequency of 1.2 Γ
from the saturation intensity Isat of 1.01 mW/cm
2. The beam goes into a spherical Cs vapor
cell with 75 mm diameter and paraffin coating on the walls. The cell is inside a 3-layer
magnetic shield with a shielding factor of better than 104. The required longitudinal field
for the Hanle effect is obtained by placing the cell inside a solenoid coil. The solenoid is
wound on a plastic form of 190 mm diameter. It consists of 1800 turns of 0.35 mm magnet
wire wound tightly over a length of 640 mm. Transverse fields are applied using a set of coils
on a square form of 106 mm diameter. The power of the laser beam after it passes through
the cell is measured using an amplified photodiode.
III. EXPERIMENTAL RESULTS
133Cs has two values of the total angular momentum F in the ground state—3 and 4.
Therefore there are two closed transitions in the D2 line: 3→ 2 and 4→ 5.
Experimental results for the Hanle effect on the 3 → 2 transitions are shown in Fig.
2. The resonance as the longitudinal B field is scanned is extremely narrow because of
the use of a paraffin-coated vapor cell. The resonance peak shows increased transmission
(or MIT) for linear polarization, which transforms to reduced transmission (or MIA) for
circular polarization. This implies that the medium can be tuned between slow and fast
light simply by changing the polarization of the light, because the sign of the dispersion
depends on whether absorption is enhanced or reduced [16].
The measured photodiode voltage is scaled to reflect the actual absorption through the
cell. The scaled photodiode signal accurately reflects probe absorption, both off resonance
(high magnetic fields), and the percentage change near resonance. It is seen that it is 10
times higher for the circular case compared to the linear one, which necessitates averaging
over 100 traces for the linear case.
The resonances are not centered at zero field because of the presence of a small residual
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FIG. 2. Experimental results for the 3 → 2 transition. Transmission as a function of applied
longitudinal B field shows transformation from MIT for linear polarization to MIA for circular
polarization.
B field inside the shield—both longitudinal and transverse. The longitudinal component
causes a shift from zero. The transverse component is required for the circular polarization
effect to work (as explained in the theoretical analysis section); this is different from
other Hanle experiments where the transverse field is either unimportant or actively nulled.
The linewidth obtained in both cases is about 0.1 mG, and is limited by spin relaxation
processes. This is the linewidth obtained in a paraffin coated cell which increases by a factor
of 100 in a normal cell.
Experimental results for the corresponding closed transition starting from the upper
ground level, namely 4 → 5 are shown in Fig. 3. As before, the percentage absorption for
the linear case is much smaller and the curve is obtained after averaging over 100 traces. In
addition, the resonances are not centered at zero field because of the presence of a residual
longitudinal field.
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FIG. 3. Experimental results for the 4 → 5 transition. Transmission as a function of applied
longitudinal B field shows transformation from MIA for linear polarization to MIT for circular
polarization.
IV. THEORETICAL ANALYSIS
In order to verify that the experimental results match theoretical understanding, we
have done a theoretical calculation of the same. The calculations were carried out using
the atomic density matrix (ADM) package for Mathematica written by Simon Rochester
(can be downloaded from http://rochesterscientific.com/ADM/). It solves numerically the
following time evolution equation for the density-matrix elements involved:
dρ
dt
=
1
ih¯
[ρ,H ] + relaxation and repopulation terms (1)
The calculation takes as input—(i) the two F values for the transition, (ii) the light intensity,
and (iii) the polarization ellipticity. Experimental parameters of incident power of 100 µW
in a size of 3 mm, a small transverse field of 0.1 mG, and an interaction length corresponding
to the cell size of 75 mm were taken. The atomic number density was taken to be 3× 1010
atoms/cc, which corresponds to a vapor pressure of 1 µtorr (corresponding to Cs vapor at
room temperature). The intensity was assumed to decay exponentially due to absorption
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along the beam path.
The simulation assumed two regions—labeled A and B—with different Hamiltonians,
because both the light and magnetic field are present in region A while only the magnetic field
is present in region B. The atoms relax from region A to region B (transit-time relaxation)
at a rate of 50 kHz, which corresponds to the most-probable velocity going across the beam
size of 3 mm. The atoms come back from region B to region A at a rate of 2 kHz, determined
roughly by the ratio of cell volume to interaction volume. Finally, the relaxation rate at
which coherences are lost (due to collisions with the cell wall) is taken to be 25 Hz, chosen to
match the linewidth seen in a paraffin-coated vapor cell in our related NMOR experiments
[2]. The spectrum is Doppler-averaged over the Maxwell-Boltzmann velocity distribution
appropriate for Cs atoms at room temperature.
The algebraic expressions given in Ref. [14] for the circular case and Ref. [15] for the
linear case can be used to understand our experimental results, but only qualitatively. This
is because the expressions use many approximations like low intensity (I ≪ Isat) and a
single velocity (no Doppler averaging). In addition, the constants used are different from
the experimental ones we have. As a consequence, the Lorentzian lineshape is reproduced
for the circular case; but it predicts a splitting for the linear case, which is not observed
experimentally. These results are shown in Appendix A.
By contrast, the numerical package that we use allows for a more realistic simulation with
transit-time relaxation and wall-collision relaxation rates (which do not change with laser
power, atomic number density, etc.), near saturation intensity, and Doppler averaging. In
order to improve the understanding of the ADM package, we present an analysis of simplified
transitions in the Appendix B. All the details are the same except that the sublevel structure
is simplified to deal with 1→ 0 and 1→ 2 transitions.
Magnetic sublevel structure for the two final transitions is shown in the figures below. In
all cases, the quantization axis is along the polarization direction, i.e. perpendicular to the
direction of propagation for linear polarization, and along the direction of propagation for
circular polarization. The selection rule for sublevel transitions coupled by linear polarization
is ∆m = 0. Similarly, the selection rule for right circular polarization (σ+) is ∆m = +1,
while the one for left circular polarization (σ−) is ∆m = −1.
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FIG. 4. Magnetic sublevels of the 3→ 2 transition in the D2 line of 133Cs. The quantization axis
is along the direction of polarization. Population distribution after optical pumping and relative
strengths for transitions coupled by two kinds of polarizations are shown. (a) Linear. (b) Circular.
A. Fg = 3→ Fe = 2 transition
Using the above rules, we can see that the steady state population distribution (after
optical pumping) for the 3 → 2 transition will evolve from equal populations in all the
sublevels to what is shown in Fig. 4. With linear polarization, shown in part (a) of the
figure, all the population ends up in the mFg = −3 and +3 sublevels. This is because
there are no upper-state sublevels to which it can be excited. From the relative strengths
of transitions coupled by this polarization (determined by the respective Clebsch-Gordan
coefficients), all the population gets optically pumped to non-absorbing sublevels.
Similarly, the distribution after optical pumping with right circular polarization, shown
in part (b) of the figure, will end up in the mFg = +2 and the +3 sublevels. This is because
as before there are no upper-state sublevels to which they can be excited. From the relative
strengths of transitions, the population is again driven to non-absorbing sublevels. The same
8
FIG. 5. Populations in the different magnetic sublevels of the Fg = 3 ground state as a function of
B field strength.
argument shows that σ− light will optically pump atoms to non-absorbing mFg = −2 and
−3 sublevels.
One way to think about the effect of optical pumping is to consider that the light induces
a magnetic moment in the direction of the quantization axis, which then precesses around a
transverse magnetic field. This will result in redistribution of the population into absorbing
states in the presence of such a transverse field. By definition, a longitudinal B field (as
required in the Hanle effect) is transverse to linear polarization. However, the degree of
population redistribution, and hence overall absorption, will increase as the value of the
field is increased. This shows that the absorption will be minimum at Bℓ = 0, and the
resonance peak in the Hanle effect will show MIT.
Now we consider what happens with circular polarization. In this case, an additional
transverse field is required because the induced moment is in the longitudinal direction.
The transverse field will cause population redistribution into absorbing levels, but its effect
will be progressively smaller as the magnitude of the longitudinal field is increased. This
shows that the absorption will be maximum at Bℓ = 0, and the resonance peak in the Hanle
effect will show MIA.
In order to see population redistribution in the presence of a B field transverse to the
quantization axis, we show in Fig. 5 the populations in the various magnetic sublevels of
the Fg = 3 state as a function of B field. The curves are shown for circular polarization.
The case of linear polarization (not shown) is similar, but complicated by the choice of
quantization axis.
The results of the simulation, shown in Fig. 6, are consistent with the qualitative discus-
9
0.9800
0.9600
0.9400
−0.2 0.0 0.2
Magnetic field (mG)
0.9390
0.9375
0.9360
Tr
as
ns
m
iss
io
n 
Fg = 3  →  Fe = 2 (Simulation)
Linear
Circular
FIG. 6. Results of simulation for the 3→ 2 transition showing transformation from MIT to MIA,
exactly as seen in the experimental data.
sion above. The most interesting thing to note is that it reproduces the observed transfor-
mation from MIT for linear polarization to MIA for circular polarization. The calculated
linewidth is close to the experimental one. The simulation does not reproduce the percent-
age change in each case, mainly because the simplistic calculation not take into account
velocity-changing collisions, and assumes that the intensity is uniform across the beam.
B. Fg = 4→ Fe = 5 transition
We now consider magnetic sublevels of the 4→ 5 transition. The population distribution
after optical pumping is shown in Fig. 7. With linear polarization, shown in part (a) of
the figure, maximum population is in the mFg = 0 sublevel, and reaches a minimum at the
mFg = ±4 extreme sublevels. This is because the probability of decay from the corresponding
upper-state sublevels has this kind of distribution. From the relative transition strengths
shown in the figure, this population distribution is going to give maximum absorption.
Similarly, optical pumping by right circular polarization (σ+ light) will result in all the
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FIG. 7. Magnetic sublevels of the 4→ 5 transition in the D2 line of 133Cs. The quantization axis
is along the direction of polarization. Population distribution after optical pumping and relative
strengths for transitions coupled by two kinds of polarizations are shown. (a) Linear. (b) Circular.
population ending up in the mFg = +4 sublevel. The relative transition strengths show that
this sublevel is maximally absorbing, therefore as for the linear case absorption will be a
maximum when the field is zero.
In the presence of a field transverse to the quantization axis, the population distribution
will change and hence the absorption will decrease. Our qualitative analysis proceeds as
before.
1. For linear polarization, the longitudinal field used in the Hanle effect will result in
progressively smaller absorption. Hence, absorption will be a maximum at Bℓ = 0 and
the resonance will show MIA.
2. For circular polarization, a transverse field is required because the quantization axis
is in the longitudinal direction. As discussed for the other transition, the effect of the
transverse field will become progressively smaller as the magnitude of the longitudinal
field is increased. Therefore, absorption will be minimum at Bℓ = 0, and the resonance
peak will show MIT.
The results of the simulation are shown in Fig. 8. The results are consistent with the
qualitative discussion given above. The detailed calculation reproduces MIT and MIA in
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FIG. 8. Results of simulation for the 4→ 5 transition showing transformation from MIA to MIT,
exactly as seen in the experimental data.
each case, and the experimentally observed linewidth. Importantly, it reproduces the obser-
vation that the transformation from MIA to MIT is opposite to what was seen for the other
transition. As before, the simulation does not reproduce the percentage change as seen in
the experimental data, for the same reasons as discussed before.
V. CONCLUSIONS
In summary, we have demonstrated that the Hanle effect can be tuned between magnet-
ically induced absorption and magnetically induced transmission by changing the ellipticity
of polarization of the input laser beam. The experiments are done using the two closed
hyperfine transitions of the D2 line of
133Cs: Fg = 3 → Fe = 2 and Fg = 4 → Fe = 5. The
former shows a transformation from MIT to MIA when the polarization is changed from
linear to circular, while the latter shows transformation from MIA to MIT. The experiments
gain by having paraffin coating on the walls of the vapor cell since it increases the relaxation
time of coherences among magnetic sublevels. The linewidth obtained in such a cell is of
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order 0.1 mG, making the technique a good candidate for sensitive magnetometry.
The experimental observations can be understood qualitatively based on optical pumping
among the magnetic sublevels of the ground state. A detailed density-matrix calculation
using the levels involved bears out the above qualitative explanation. This ability to tune
the sign of the dispersion opens up new applications in areas such as slow light and quantum-
information processing.
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APPENDIX A
In this appendix, we will see how well the algebraic expressions given in Refs. [14] and
[15] match our experimental data.
For the circular case [14], the prediction is a single Lorentzian peak with width determined
by the transverse B field. The calculation is done with a field of 0.075 mG, which is close
to the experimental value and the value used in the ADM package. For the linear case [15],
a transverse B field of 0.075 mG results in a splitting into two peaks, probably because the
paraffin coating is neglected. A comparison of the predicted lineshape and experimental
data for the different cases is shown in the Fig. 9.
APPENDIX B
We have computed the Hanle resonances by solving density matrix equations for Fg =
1 → Fe = 0 and Fg = 1 → Fe = 2 transitions. These transitions are the simplest case for
Fg → Fe = Fg − 1 and Fg → Fe = Fg + 1 transitions. The time evolution of the system
is given by using density matrix analysis for two different regions labeled A and B—with
different Hamiltonians, because both the light and magnetic field are present in region A
while only the magnetic field is present in region B. The time dependence of density matrix
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FIG. 9. Comparison of experimental data with the results from algebraic expressions given in Refs.
[14], and [15]. (a) Lower transition. (b) Upper transition.
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for two regions is given by following set of coupled equations [17]:
ρ˙A =
−i
h¯
[
(Hint +HB), ρ
A
]− 1
2
{
Γ, ρA
}
− γt1ρA + ΛA + γt2ρB
ρ˙B =
−i
h¯
[
HB, ρ
B
]− 1
2
{
Γ, ρB
}
+ γt1ρ
A + ΛB − (γt2 + γw)ρB + δ
g.s.
2Fg + 1
γw
(2)
FIG. 10. Coupling between magnetic sub-levels and light fields for Fg = 1 → Fe = 0 and Fg =
1→ Fe = 2 transitions.
Here, Hint is the interaction Hamiltonian for light-atom interaction and HB describes the
coupling with constant B-fields, Γ is the relaxation matrix for spontaneous emission, ΛA,B
are repopulations in regions A and B, γt1 is the transit relaxation from region A to B and γt2
is the transit relaxation from region B to A, and δg.s. is the identity matrix for ground state.
In the case of linear polarization, the quantization axis is chosen along the polarization
of light, the longitudinal field along propagation of light and residual field perpendicular
to both. For σ+-polarization, the quantization axis and longitudinal field are along the
direction of propagation of light and residual field is perpendicular to it.
The magnetic sub-levels for Fg = 1 → Fe = 0 and Fg = 1 → Fe = 2 transitions are
shown in Fig. 10. In this figure, the pi−polarized transitions are shown with solid lines and
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σ+−polarized transitions are shown with dashed lines. The Hint for these transitions is
described below:
Hint
Linear
(1→ 0)
h¯
2
Ω24 |2〉 〈4|+ h.c.
Circular
(1→ 0)
h¯
2
Ω14 |1〉 〈4|+ h.c.
Linear
(1→ 2)
h¯
2
(Ω15 |1〉 〈5|+ Ω26 |2〉 〈6|+ Ω37 |3〉 〈7|)
+h.c.
Circular
(1→ 2)
h¯
2
(Ω16 |1〉 〈6|+ Ω27 |2〉 〈7|+ Ω38 |3〉 〈8|)
+h.c.
The HB for these transitions is described below:
HB
Linear
(1→ 0)
h¯√
2
(ΩgL + iΩ
g
t )(|1〉 〈2|+ |2〉 〈3|) + h.c.
Circular
(1→ 0)
h¯ΩgL(|3〉 〈3| − |1〉 〈1|) +
h¯√
2
Ωgt (|1〉 〈2|+
|2〉 〈3|) + h.c.
Linear
(1→ 2)
h¯√
2
{(ΩgL + iΩgt )(|1〉 〈2|+ |2〉 〈3|)}+
h¯
2
(ΩeL − iΩet )× (2 |4〉 〈5|+
√
6 |5〉 〈6|+
√
6 |6〉 〈7|+ 2 |7〉 〈8|) + h.c.
Circular
(1→ 2)
h¯ΩgL(|3〉 〈3| − |1〉 〈1|) + h¯ΩeL(2 |8〉 〈8|
+ |7〉 〈7| − |5〉 〈5| − 2 |4〉 〈4|)
+
h¯√
2
Ωgt (|1〉 〈2|+ |2〉 〈3|) +
h¯
2
Ωet (2 |4〉 〈5|+
√
6 |5〉 〈6|
+
√
6 |6〉 〈7|+ 2 |7〉 〈8|) + h.c.
In the above Hamiltonians, Ωij is the Rabi frequency of laser field between levels |i〉 and
|j〉, Ωg(e)L is Larmor frequency for ground (excited) states along longitudinal direction, and
Ω
g(e)
t is transverse magnetic field for ground (excited) levels. The Hanle resonances using the
above Hamiltonians are same as that obtained by using the ADM package. This simplified
model gives an insight into how the package works. Therefore, in the theoretical analysis
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section we have only given the results by considering all the magnetic sub-levels using the
ADM package.
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